A method for the rapid estimation of transfer costs for the removal of debris in low Earth orbit is proposed.
perturbed due to Earth oblateness. Its effect depends on the orbital elements (mainly, the semimajor axis and the inclination). For this reason, RAAN values are typically spread almost uniformly. By taking advantage of Earth oblateness perturbation, a few debris objects with approximately the same inclination could potentially be removed in LEO at little cost, using differential nodal precession rates.
In the typical scenario, an active debris removal spacecraft performs rendezvous with the target and then provides it a velocity change, to place it on a reentry trajectory. There is an obvious advantage if the same ADR mission can remove more than a single object. In viable mission architectures, the chaser attaches a deorbiting module to the target and then moves towards the following object. Choosing the sequence of debris to be removed is crucial to the cost-effectiveness of such missions. The sequence optimization results in a combinatorial problem, which has been studied using approaches such as branch and bound algorithms [4] , ant colony optimization [5] , column generation techniques [6] .
Because of the dimensionality curse of the combinatorial problem, it could be essential to analytically estimate the body-to-body transfer cost, in order to enable broad search in a reasonable computational time. Previous works generally estimated the transfer ∆v by adding or taking the root-sum-square of the individual ∆vs needed to match the semi-major axis, node angle, and inclination of the target debris [7] . Alfriend et al. presented an analytical estimation for satellite-to-satellite transfer in order to get an optimal servicing of multiple targets, but the focus was on Geosynchronous orbits [8] where J2 has a negligible effect. When considering the RAAN match in LEO for a specified transfer time, the general strategy consists in waiting for RAAN drift to align the orbit plane. However, in many circumstances this strategy may not be pursued.
In this paper, a simple analytical method is developed to make sure that the transfer costs between two objects of the removal sequence can be accurately approximated. The accuracy of these estimations is then verified by comparison with existing extensively optimized solutions. Rendezvous transfers between two given orbits are dealt with using an accurate dynamical model that takes J2 perturbation into account. The state-of-the-art solution winner the ninth Global Trajectory Optimization Competition (GTOC9) by JPL [9] is used as benchmark to verify the accuracy of the method presented in this paper.
II. Dynamic model
Space debris dynamics are usually defined with a set of Two-line Elements (TLE) and the SGP4 propagator [10] .
However, the accuracy of debris ephemerids degrades with time, and the TLE information has to be updated regularly. Thus, a simplified propagation model is adopted here to describe the dynamics of the debris.
The most interesting targets for removal missions have relatively large values of semi-major axis; at the corresponding altitudes atmospheric drag is too low to slow down the debris remarkably, and is here neglected. The body orbit is described by means of osculating orbital elements, which are specified at the known ADR mission departure time. Only secular orbit perturbation due to Earth oblateness (related to harmonics term J2) is then considered. Semimajor axis a, eccentricity e and inclination i are constant, whereas right ascension of ascending node Ω, argument of periapsis ω and mean anomaly M vary according to   
Given starting values of orbital elements, the perturbed values can be evaluated at any time t, and position and velocity are consequently determined. This propagation model has been contrasted to SGP4 propagation to compare their accuracy [5] . Great accordance has been found even for 200-day propagation (errors below few kilometers) in the evaluation of orbit shape and orientation. Large errors are found for argument of perigee and mean anomaly.
However, the effect of errors in ω is small due to the limited eccentricity of the orbits, and phase adjustments have a small impact on ∆v, thanks to the relatively large number of revolutions during each transfer leg. Thus, the propagation accuracy is considered to be satisfactory.
III. Approximate Transfer Cost Evaluation
The chaser spacecraft is inserted by the launcher into rendezvous conditions with one of the objects in the debris set (target 1), for its removal. The mission starts at initial time t1=0 and the chaser orbital elements are those of the initial object at t1. The chaser then moves to perform rendezvous the following target and so on, until the last object has been reached. The present work focuses on finding a way to estimate the transfer cost between objects pairs as a function of transfer time, in order to speed up the performance of combinatorial optimization algorithms that define the best object sequences.
In general, the transfer time between any debris pairs is estimated based on the assumption that favorable opportunities occur only when the required plane change is small, and therefore when the RAAN of the chaser is close to that of the target. To this purpose, the mission can take advantage of J2 perturbation, which changes the RAAN of bodies orbiting the Earth with a rate that depends on semi-major axis and inclination. Objects with different orbits will therefore have different rates of change of Ω. However, cases when this kind of solutions are not suitable may occur, e.g., in the presence of strict time constraints, and a different estimation method is required.
A. The transfer time is optimal
The transfer time from debris k to k+1 can be easily evaluated. Optimal phasing is assumed to obtain an estimation of the transfer v  . The Hohmann transfer cost for negligible radius change reduces
The change of semimajor axis a  is here considered and an empirical relation is introduced to account for the additional eccentricity vector change e
The average value of semi-major axis a of the two objects involved in the leg, and the corresponding circular velocity v may be used.
According to the above analysis, the theoretical trip time and velocity change between any debris pair can be determined. It is worth noting that a change of arrival time for leg k usually does not propagate to the following legs, as convenient transfers typically require relatively long waiting times before starting to maneuver. This approximation has been validated with good accuracy, as shown in a previous work [5] .
B. The transfer time is limited
The transfer time from debris k to k+1 can be imposed as t. 
Note that there are no constraints on the ranges of x s , y s , z s , which means that the semi-major axis and inclination changes may be larger than the original difference, in order to take advantage of the J2 effect to reduce RAAN differences. This case generally occurs when the required RAAN change is too large, as the allowed transfer time is not sufficiently long. 
and the total
It is difficult to find the minimum of ab v v v      in closed form. Through revisiting to classical Minimum-Inclination Maneuvers by Vallado [12] , an analytic approximation becomes available by squaring the two velocities to remove the square roots:
Notice that this approximation ignores the cross product terms   
Equation (22) provides an eccentricity correction on the previous equation
IV. Results
The ninth edition of the global trajectory optimization competition GTCO9 [13] proposed a problem that concerned the removal of 123 debris. A complete summary of the winner solution of the GTOC9 problem by JPL can be found in Ref. [9] . Table 1 Estimations and actual values are usually in good agreement (the average error magnitude is 4.37%), as shown in Table 3 . A synoptic view of the missions is provided in Fig. 1 , which compares actual and estimated rendezvous ∆v.
When taking the additional eccentricity correction into account, the estimated solution becomes even closer to the exact solution with an average error magnitude of 2.83%, as shown in Fig. 2 and Table 4 . However, in most cases the estimated solution is slightly below the corresponding exact one. It is worth noting that phasing constraints, which may affect the legs of the optimal GTOC9 solution, are not considered in the approximate analysis. Besides, estimation performance for all the 113 transfer legs (where 123 debris and 10 launches are involved) can also be measured by the mean absolute error (MAE), which is 16.5 m/s and 13.3 m/s for cases without and with eccentricity correction, respectively.
As described in JPL's paper, their method was very good at making large numbers of significant changes to existing solutions, but it had difficulty in finding truly global optima probably due to the existence of multiple local optima in this problem. Therefore, the exact solutions given in Table 2 may not guarantee the minimum, and it could be expected that the exact solution may have room to be improved to some extent. Table 5 and Table 6 show two detailed solutions by comparing exact solution and estimation. The transfer time is relatively long (24.86 day) and medium (10.03 day), respectively, for the two solutions. Leg details are not given in Ref. [9] , and the exact solutions are here obtained by an optimization procedure involving up to four impulses, by means of a continuous ant colony optimization (ACO) method [5] . The exact solutions by ACO are very close the JPL's exact solutions (which considered up to 5 impulses), though a slightly larger total ∆v is obtained in both cases.
In the exact optimization, multiple impulses are favored in order to match phase and eccentricity. However, the four impulses can be seen as the separation of two single impulses, which are placed at the start and final time of each leg.
In order to obtain a plane alignment, there is a change of RAAN in addition to inclination. This kind of maneuvers do not occur in cases where sufficient transfer time is allowed, and demonstrate that a time-limited solution is required. In the estimated solution, RAAN changes are the same between the initial maneuver and the last maneuver, as illustrated in the previous Section. It is worth noting that, for the transfer described in Table 5 , the twoimpulse approximation uses a different strategy in terms of semi-major axis change with a small initial increase, but is nonetheless capable of obtaining a similar overall ∆v cost. In both approximate solutions the semi-major axis is initially increased and then decreased, with the purpose of obtaining the best tradeoff in terms of total ∆v between changes of RAAN and other parameters (semi-major axis and/or inclination). In other cases, a similar strategy is used for inclination. This fact shows that the semi-major axis and/or inclination changes are not monotonic, which is peculiar in this kind of J2-perturbed time-limited body-to-body transfers.
The root-sum-square (RSR) of individual ∆v required for the changes of the semi-major axis, RAAN, and inclination, are in good agreement with the corresponding exact ∆vi. This fact confirms that the ∆v estimation method, which takes root-sum-square into account for the two impulses, as described in Eqs. (9) and (11), works properly. 
V. Conclusions
A procedure has been developed for preliminary evaluation of transfer costs between objects in LEO, in order to speed up the analysis of debris removal missions aiming at multiple objects, when they must be selected in a large set of targets with similar orbit inclination. The analysis tool that has been developed is in particular beneficial in the preliminary design phases, when mission feasibility must be assessed and trade-offs are required, and a precise evaluation of the costs can reduce design uncertainties. The good accuracy of the proposed estimation method has been verified by comparison with precisely optimized solutions. Even though the estimation is in general slightly below the exact solution, the benefits, which can be obtained when a proper analytical approximation of transfer cost is used in multiple-target active debris removal, are thus demonstrated.
